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Self-assembled organic monolayers are useful templates for nanofabrication. Ordered layer of long alkyl-chainmolecules can direct
the wet chemical deposition of metallic coatings on different substrates. Ordered structures of fatty acids and their motions on the
phenyloctane/HOPG interface are observed by scanning tunneling microscopy (STM). Modification of self-assembled fatty acid
patterns due to hydroxamic acid presence is also in the focus of the research. Fatty acid layer formation, the structure of the formed
thin film on solid/liquid interface, and simultaneous nickel colloidal deposition have been investigated.
1. Introduction
Ordered metallic structures can be created by simultaneous
self-assembly of a molecular monolayer and wet chemical
metal deposition. 2D nanoparticle arrays assembled on a
surfacemay exhibit electronic, optical, and sensing properties
and can be used to create a variety of electronic and sensor
components [1]. The STM is a powerful tool to obtain
information on the molecular arrangement and orientation
at an atomic scale. Layer formation of different fatty acid, its
derivatives, and mixtures on solid/liquid interface has been
investigated by this means [2–5]. Fatty acids are typically
hydrogen-bonding compounds. The carboxylic acid groups
form dimers and the molecular axis is perpendicular to the
lamella axis, irrespective of the length of the alkyl chain [6].
The interaction between the alkyl-chain and the substrate
is responsible for the perfect alignment of the molecules
and the stability of the layer. Under STM observation,
specific chemical groups [7–9] provide different contrast
in the tunneling current. STM provides even submolecular
resolution and different models are found in the literature
to explain the molecular organization at the solid-liquid
interface [10]. Hibino et al. [11] have found that fatty acids
with a longer alkyl chain adsorb preferentially on the graphite
substrate by the investigation of binary mixtures of myristic
acid (C
13
H
27
COOH) andbehenic acid (C
21
H
43
COOH)using
STM. The long axis of the molecules lies in the plane of
the graphite substrate and alkyl chains of the neighboring
molecules stand parallel to each other. The chemical con-
formation is driven by the intermolecular interactions and
surface interactions. The same research group [12] has also
shown the odd-even effect inmonolayer of fatty acids formed
on a graphite surface. Layers of fatty acids with an even
number of carbon atoms consist of two kinds of molecular
arrangements that are mirror images of each other, while
those with an odd number of carbon atoms only exhibit
one type of arrangement consisting of a racemic mixture
of two dimer types that are opposite enantiomers in two
dimensions. The odd-even effect takes place as a result of
the short-range interactions between the alkyl-chains. Odd-
even effect was also studied by Wintgens et al. [13] and
Tao [14]. X-ray and neutron diffraction have been used
to investigate the formation of solid crystalline monolayers
of linear carboxylic acids by Bickerstaffe et al. [15] It was
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concluded that themonolayer structures determined by STM
for the longer acid homologues adsorbed on graphite from
solution are in good agreement with those determined using
X-ray and neutron diffraction for the shorter homologues.
STM was used to characterize the quasiphase-segregated
adsorption of fatty acid and its derivate mixtures from
phenyloctane solvent at room temperature by Yablon et al.
[16] Stevens and Beebe [17] investigated layer formation
of saturated (octadecanoic acid) and unsaturated (elaidic
acid CH
3
(CH
2
)
7
CH=CH(CH
2
)
7
COOH) fatty acid mixtures.
Mixed monolayers can be used to gain information about
dynamic processes that is not available from studies of pure
monolayers. Information about the structure and properties
of the self-assembled organic monolayers can help in the
fabrication of novel molecular electronic devices as well as
provide a new experimentalmethod for chemist investigating
the kinetics and mechanism of chain reactions [18].
Some seminal research has also focused on the applica-
tion of ordered long alkyl-chain templates for metal-clusters,
nanoparticles deposition. Linearly arranged ligand stabilized
Au
55
clusters were presented by Hoeppener et al. [19] and
C
18
H
37
SH/C
14
H
29
COOH/Au
55
cluster mixture has been dis-
solved in phenyloctane and added on the HOPG substrate.
Gold cluster coverage should be low as the insulating ligand
shell, which covers the cluster core, does not participate
in the electron tunneling; in other case, the STM imaging
is unstable. The results indicate that the distance between
gold rows is always multiple of the length of the template
forming fatty acid. The metal-line formation is partial, not
completely filled with cluster assemblies, and the investigated
structures so far are only stable in the liquid environment of
the solution. Lei et al. reported the synthesis and assembly
of 1-dodecanethiol capped nickel particles using an alkane-
assembling monolayer [20].
The aim of the present study is to characterize the fatty
acid self-assembled patterns on HOPG and its modification
with colloidal nickel nanoparticles fromwet chemistry depo-
sition. Scanning tunneling microscopy is used to observe the
changes on the solid/liquid interface in the case of fatty acids
and fatty acids-Ni NPs surfaces.
2. Materials and Methods
2.1. Sample Preparation. Fatty acids were purchased from
different companies (octadecanoic acid/stearic acid/- Merck,
Fisher Chemicals; oleic acid and elaidic acid, Fluka) and
used as received. Lauryl hydroxamic acid (C
11
H
23
-CO
2
NH
2
)
was prepared in our laboratory [21]. 1-phenyloctane (Sigma-
Aldrich, 98%; Acros Organics, 99%) was used as a solvent.
The solvent must be nonpolar to allow the tunneling current
to be measured while the tip dips into solution [22]. 10 𝜇L
drops of the different saturated phenyloctane solutions were
transferred to the surface of HOPG (SPI-1 Grade, SPI, USA).
Dispersion of Ni-nanoparticles (see Section 2.1.1) was mixed
with fatty acids saturated solution.
2.1.1. Synthesis of Ni-Nanoparticles. Ni (𝜂4-C
8
H
12
)
2
(STREM,
98%) and 1-hexadecylamine (ACROS, 90%) were used as
received; mesitylene (ACROS, 97%) was dried, degassed, and
stored on molecular sieve in the glove box.
A solution of Ni (𝜂4-C
8
H
12
)
2
(0.03mol L−1) and 1-
hexadecylamine (10 equiv) was dissolved in 3mL mesitylene
under dry N
2
; the mixture was heated under stirring to 170∘C
for 30min [23, 24].
2.2. Molecular Arrangement and Orientation. The morphol-
ogy of sample surfaces was observed by scanning tunnel-
ing microscopy (Pico, Agilent, Molecular Imaging, USA;
EasyScan, Nanosurf, Switzerland). STM investigations were
performed on the phenyloctane/HOPG interface at room
temperature using mechanically cut W or Pt/Ir-tip. The
images were taken during the immersion of the tip into the
thin layer of solution. All the images were recorded in the
constant-current mode. The specific tunneling parameters
are given in the corresponding figure captions. STM images
were evaluated with WSxM software [25].
Images from at least five different domains observed
on same sample as well as samples from several different
days were used to ensure the accuracy and reproducibility.
Images were obtained also with different tips to ensure
that the images are free from artifacts caused by the tip.
Sometimes, after successfully observing themolecular arrays,
the underlying graphite lattice was also intentionally imaged,
so that the in situ standard for calibration was obtained.
STM-images are discussed only if the measured molec-
ular distances of long alkyl-chain molecules are in good
agreement with the theoretical calculations. Only images cor-
responding to real dimensions of the investigated molecules
are presented.
3. Results and Discussion
3.1. Direct Deposition of Ni-Nanoparticles on HOPG Surface.
Ni NPs are synthesized by decomposition of Ni (𝜂4-C
8
H
12
)
2
in presence of an excess of hexadecylamine. Ni NPs are then
coated with this amine ligand during the synthesis process
and then thoroughfully washed to remove most of the free
ligands (Figure 1).
At the initial stage of our experiments, the Ni-nanoparti-
cles were directly deposited on the surface of HOPG from
toluene by drop casting method. It was found that the parti-
cles are mostly concentrated at the steps of the graphite layers
which behave like physical barriers for particles during the
drying process (Figure 2). The aggregation of some particles
was also observed (Figure 2(c)).
These results confirm that hexadecylamine-capped Ni-
nanoparticles do not display high affinity for graphite. To
deposit Ni-nanoparticles on the flat terraces of HOPG and
not only at steps, an ordered self-assembled organic template
was used.
3.2. Organic Template Formation on the Surface of HOPG.
High-resolution STM images were taken about self-assem-
bled fatty acid layers on solid (HOPG)-liquid (phenyloctane)
interface. Figure 3 shows the ordered layers of octadecanoic
acid. The molecules are arranged in rows with a 90∘ angle
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Figure 1: TEM image of the Ni-nanoparticles used during the STM investigation.
(a) (b) (c)
Figure 2: STM image of Ni-nanoparticles at the steps of HOPG ((a) 300 nm × 300 nm/𝑖
𝑡
= 1 nA, 𝑉bias = 900mV/; (b) 170 nm × 170 nm/𝑖𝑡 =
1 nA, 𝑉bias = 900mV/; (c) 100 nm × 100 nm/𝑖𝑡 = 1 nA, 𝑉bias = 900mV/).
Figure 3: High-resolution (10 nm × 10 nm) image of ordered octadecanoic acid/𝑖
𝑡
= 1 nA, 𝑉bias = 500mV/on solid/liquid interface and the
model.
between the molecular axes and the row direction (the
model of the octadecanoic acid layer structure is also visible
on Figure 3). This orientation permits hydrogen bonding
between the carboxylic functional groups of the molecules in
adjacent rows.
The typical periodicity of the nanostructures is 2.1 ±
0.1 nm (bright,measured parallel to the alkyl-chain) and 0.4±
0.1 nm (dark gap,measured perpendicular to the bright lines)
by octadecanoic acid. The results are in good agreement with
reported experiments and theoretical calculations (calculated
4 Journal of Nanomaterials
(a) (b)
(c) (d)
Figure 4: High-resolution (20 nm × 20 nm) STM images of octadecanoic acid layers taken on the same place of solid/liquid interface
by different/ (a) 𝑉bias = −800mV, (b) 𝑉bias = −500mV, (c) 𝑉bias = 500mV, and (d) 𝑉bias = 800mV/bias-potentials, tunneling current by all
measurement: 𝑖
𝑡
= 1 nA.
(a)
(b)
Figure 5: “Tilted” and unsaturated fatty acid layers on the solid/liquid interface. High-resolution (10 nm × 10 nm) image of oleic acid/ (a) 𝑖
𝑡
= 1 nA, 𝑉bias = 500mV/and elaidic acid/(b) 𝑖𝑡 = 1 nA, 𝑉bias = 500mV/on solid/liquid interface and the model of the formed layer.
length of molecules in all trans conformation is 2.13 nm).
Layered structures found in octadecanoic acids adopt a
typical head-to-tail arrangement; the holes (inside the dark
gaps) can be interpreted as the visualization of hydrogen
bonds between molecules that are hosted in an arrangement
in which carboxyl and methylene groups face each other in
neighboring rows [10].
Different structures of the self-assembled fatty acid layers
are visible on the STM images by changing the parameters
of scanning, as it is visible on Figure 4. Same area of the
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(d) (e)
(c)(b)(a)
Figure 6: Impact of the hydroxamic acid presence on the structure of fatty acid layers. Octadecanoic acid patterns on solid/liquid interface
with different structure, depending on the octadecanoic acid and C12N-hydroxamic acid ratio ((a) 1 : 0/𝑖
𝑡
= 1 nA, 𝑉
𝑏𝑖𝑎𝑠
= 500mV/, (b) 1 : 2/𝑖
𝑡
= 1 nA, 𝑉bias = 700mV/, (c) 1 : 10/𝑖𝑡 = 0.4 nA, 𝑉bias = 700mV/, (d) 2 : 1/𝑖𝑡 = 0.4 nA, 𝑉bias = 700mV/, (e) 3 : 1/𝑖𝑡 = 1 nA, 𝑉bias = 700mV/) in the
phenyloctane solution.
(a) (b)
Figure 7: Different structures of octadecanoic acid on the phenyloctane/HOPG interface from the solution with 1 : 10 ratio of fatty and
hydroxamic acid/𝑖
𝑡
= 0.4 nA, 𝑉bias = 700mV/.
solid/liquid interface onHOPGhas been scanned by different
bias potentials (−800mV, −500mV, 500mV, and 800mV).
At −800mV (Figure 4(a)) and 800mV (Figure 4(d)), the
separated molecules of octadecanoic acid are not visible;
the periodicity of the nanostructure is twice compared to
the length of the stearic acid molecule (details above in
discussion of Figure 3). It means that the bright lines between
the darker gaps correspond to the “fusion” of two molecules.
At −500mV (Figure 4(b)) and 500mV (Figure 4(c)), all the
molecules can be separately identified.
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(a) (b) (c1)
(c2)
Figure 8: Motion of fatty acid molecules on the solid/liquid interface. STM images (10 nm × 10 nm/𝑖
𝑡
= 0.4 nA, 𝑉bias = 700mV/) displaying
the mobility of fatty acid patterns during scan (scan time: (a) 𝑡 = 0min; (b) 𝑡 = 15min; (c) 𝑡 = 30min). 5 nm × 5 nm image/(c2) 𝑖
𝑡
= 0.4 nA,
𝑉bias = 700mV of interlocking octadecanoic acid chains.
(a1)
(b1) (b2)
(a2)
Figure 9: STM image of Ni-nanoparticles at two different places on ordered octadecanoic acid array ((a1) 45 nm × 45 nm, (a2) 29 nm ×
29 nm/𝑖
𝑡
= 0.5 nA, 𝑉bias = 900mV/; (b1) 45 nm × 45 nm, (b2) 33.5 nm × 33.5 nm/𝑖𝑡 = 0.5 nA, 𝑉bias = 900mV/).
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(a)
(b)
(a󳰀)
Figure 10: STM image of nanoparticles on top of the ordered octadecanoic acid array in line-shape ((a) 95 nm × 95 nm/𝑖
𝑡
= 0.5 nA, 𝑉bias =
900mV/; (a󸀠) image (a) with particle size) and the TEM image of the Ni particles.
Template formations with other C18 fatty acids are also
tested, namely, oleic acid (cis-9-octadecenoic acid) and elaid-
ic acid (trans-9-octadecenoic acid). As an example for the
layer formation of “tilted” fatty acids on solid/liquid interface,
the surface treatment of HOPG by oleic acid solution was
investigated. On Figure 5(a), the ordered structure, zigzag
form of the layer, and the model of the molecular orientation
are visible. The layer formation process of the unsaturated
fatty acid has been monitored.The double bond in the elaidic
acid molecules is visible as a bright spot in the middle of the
alkyl-chain on the STM image (Figure 5(b)) due to the higher
electron density in the environment of the double bond.
3.3. Modification of Self-Assembled Fatty Acid Patterns. Self-
assembled patterns of octadecanoic acid are modified with
hydroxamic acid. Drop of fatty and hydroxamic acid mixture
is transferred on the surface of HOPG. The change of
the molecular pattern can be followed on Figure 6. The
molar ratio between octadecanoic and hydroxamic acid is
as shown in Figure 6: (a) 1 : 0; (b) 1 : 2; and (c) 1 : 10.
Change of the angle between the direction of the row
(dark gaps) and the chain of the molecule is due to the
adding of hydroxamic acid into the fatty acid solution. The
value of the angle changes from 90∘± 1∘ ((a) 1 : 0) to 75∘± 3∘
((b) 1 : 2) and 69∘± 2∘ ((c) 1 : 10). The measured length of the
octadecanoic acid chains is in all three cases 2.1 ± 0.1 nm.
Figure 6(b) reveals an intensity modulation of the contrast in
direction parallel to the molecular axes and perpendicular to
the row. This modulation or Moire´ pattern can be visible as
a result of the bulkier headgroups of the acids which require
more space as the molecules lie on the graphite, so that the
molecules are incommensurate with the graphite substrate
along the row direction, resulting in an interference pattern
between adsorbed molecules and the substrate [22].
Fatty acid and hydroxamic acidmixtures with higher pre-
senceof fatty acid are also investigated (Figures 6(d) and 6(e)).
The ratio of octadecanoic and hydroxamic acid is set to (d)
2 : 1 (e) 3 : 1. The measured length of the octadecanoic acid
chains is in all three cases around 2.1 nm (a) 2.1 ± 0.1 nm,
(d) 2.0 ± 0.1 nm, and (e) 2.1 ± 0.1 nm. Change of the angle
between the direction of the row (dark gaps) and the chain
of the molecule is negligible in the case of 1 : 0 (Figure 6(a)—
90∘± 1∘) and 2 : 1 (Figure 6(d)—89∘± 1∘). Small decrease of the
angle value is found with the 3 : 1 ratio sample (Figure 6(e)—
82∘± 1∘). On the basis of the presented STM images, one
can conclude that adding of hydroxamic acids in higher
amount to fatty acid solutions results in the change of the self-
assembled pattern formed on the solid/liquid interface.
Using 1 : 10 molecular ratio of fatty and hydroxamic acid,
two typical structures of the covering layer are observed: one
with typical periodicity of 2.1 ± 0.1 nm and 69∘± 2∘ angle
(Figure 7(a)) and the second with 3.6 ± 0.2 nm and 89∘± 1∘
angle (Figure 7(b)).
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Figure 11: Schematic illustration of molecular level bonding mechanism between Ni particle and the fatty acid monolayer. STM image of
nanoparticles on the top of the ordered octadecanoic acid array ((a) 65 nm × 65 nm/𝑖
𝑡
= 0.5 nA,𝑉bias = 900mV/). High resolution STM image
of individual Ni particle ((b) 25 nm × 25 nm/𝑖
𝑡
= 0.5 nA, 𝑉bias = 900mV/) and the ordered fatty acid template on the same sample ((c) 20 nm
× 20 nm/𝑖
𝑡
= 0.5 nA, 𝑉bias = 900mV/).
This result can be connected to the fact that the formation
of the ordered structure is a steady-state process. During the
scan of the previously introduced surface, we observe the
mobility of the molecules (Figure 8) corresponding to the
results presented in the literature about themolecularmotion
of fatty acids on solid/liquid interface [26]. The octadecanoic
acid molecules are interlocking (Figures 8(b) and 8(c1)) to
each other as it is visible on the high resolution image also
(Figure 8(c2)).
3.4. Template Directed Simultaneous Deposition of Ni-Nan-
oparticles. Wet chemical deposition of colloidal Ni-nano-
particles parallel with ordered array formation of octade-
canoic acid molecules on solid/liquid interface is monitored
Journal of Nanomaterials 9
with STM. Indeed, the template effect on metal deposition
can only be tested by a colloidal approach and not by gas
phase deposition (PVD, ALD. . .) since the molecular array
is formed and stabilized at the solid/liquid interface.
The local density of the physisorbed Ni-layer is inhomo-
geneous as displayed on the Figure 9. Line or small “island”
formation of metal particles on top of the organic layer is
monitored. The images (Figures 9(a) and 9(b)) are taken on
different places of the samples.
The size distribution (Figure 10) of particles (7.2±1.2 nm)
corresponds to the size range measured on TEM pictures.
From the presented STM images, it is clear that the metal
nanoparticles are in direct contact with the bands formed
by fatty acids (Figure 11(a)). Particles connection with the
surface may be attributed to the attractive van der Waals
interactions between the hydrophobic hexadecylamine outer
shell of nickel particles and the ordered octadecanoic acid
layer on HOPG [20]. In the case of Figures 11(a) and 11(b),
the template bands are twice wider than the single length of
octadecanoic acid (2.1 nm). This effect has been discussed at
Figure 7 and can be connected to the steady-state formation
process of the ordered fatty acid structure. High resolution
STM image of the template (similar to the first experiments
presented in subchapter Organic template formation on the
surface of HOPG of this research paper) is taken on the same
sample with same scanning parameters (Figure 11(c)).
Next to the simultaneous Ni colloidal deposition, two
other coating techniques are investigated. In the case of
two-step process ((1) organic template layer formation on
HOPG and (2) deposition of Ni-nanoparticles) and in-situ
Ni-nanoparticle synthesis (from Ni(COD)
2
precursor in the
presence of amine in phenyloctane solution based on our
previous papers [23, 27]) on the substrate, good quality STM
images of metal nanoparticles cannot be obtained. Based on
this experience, we can conclude that self-assembly of the
molecular template monolayer directs the simultaneous wet
chemical metal deposition and the use of colloidal solution
(fatty acid + Ni-nanoparticles in phenyloctane) is essen-
tial.
4. Summary
The objective of the present studies is to investigate the layer
formation of self-assembling molecules of fatty acids and
simultaneous Ni deposition on top of the ordered long alkyl-
chain layers. The thin film formation has been followed by
scanning tunnelingmicroscopy. Ordered structure of octade-
canoic acid is observed, and layered structure represents the
model of a typical head-to-tail arrangement.The STM images
prove the presence of molecular motion on solid/liquid
interface. It is found that the structure (angle between the
direction of the row and the chain of the molecule) of
the formed layer changes by the presence of hydroxamic
acid (rate of fatty and hydroxamic acid 1 : 2, 1 : 10) in the
treatment solution of the fatty acids. Directed deposition of
Ni-nanoparticles is observed on top of the organic template
and the particles sit on the tails of long chain carboxylic acid,
and particles tend to form chain like aggregates.
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